The effect of upstream roughness and canyon width on turbulent street-canyon flow is investigated, using wind-tunnel measurements made in a horizontal plane at near roof level of a street canyon and stereoscopic particle image velocimetry. Three upstream roughness arrays and two canyon width (W ) to height (h) aspect ratios (AR W/h 1 and 3) are used; the arrays consist of three-dimensional cubes (plan area density, λ p 25%), 1h-spaced two-dimensional bars (skimming flow, λ p 50%) and 3h-spaced two-dimensional bars (wake-interference flow, λ p 25%). Understanding the spanwise structure of the flow and how it interacts with large-scale structures is necessary to reliably predict the mean pollutant transport in the lateral direction along the canyon and to further investigate the three-dimensional behaviour of turbulent street-canyon flows. The mean turbulent statistics are presented, whilst two-point correlations and integral length scales are computed for the different configurations. The results show a significant effect of upstream roughness on these quantities. The total turbulent kinetic energy and shear stress are found to be highest for the wake-interference flow regimes and lowest for the skimming-flow regimes. It is found that the three-dimensional upstream roughness configurations result in a significantly weaker correlation in the spanwise direction at canyon roof level, with a similar trend observed in the spanwise integral length scales. The shear-layer thickness is found to be related to the magnitude of the correlations near roof level of the street canyon.
due to the high geometrical complexity of built areas and the existence of numerous interacting thermodynamic processes where the wind field and turbulence play a crucial role in determining the instantaneous dynamics of the flow. In particular, the high Reynolds number atmospheric flow combined with the geometric complexity of the urban canopy present strong multi-scale characteristics, both spatially and temporally. Understanding the spatial structure of such a flow is, therefore, important, particularly if one aims to investigate unsteady phenomena such as an accidental release of pollutant or flow-state prediction from a limited number of sensors.
The rectangular street-canyon model is a simplified representation of many urban street configurations and the effects of the value of the canyon aspect ratio AR (W/h, with streamwise width W and canyon height h) and upstream roughness on street-canyon flow has been well studied. Grimmond and Oke (1999) defined three flow regimes in urban environments; skimming flow, wake-interference flow and isolated-roughness flow. They found that the plan-area packing density (the ratio of plan area of the roughness obstacles to the total plan area, denoted as λ p ) of the upstream roughness, and whether it was two-dimensional (2D) or three-dimensional (3D), had an impact on the flow within the canyon. Experimental windtunnel studies on street canyons frequently use particle image velocimetry (PIV) to measure the flow field, and mostly conduct measurements in a single vertical plane, see Salizzoni et al. (2011) , Savory et al. (2013) and Blackman et al. (2015) . Savory et al. (2013) noted that it is crucial to match the roughness length (z 0 ) and the integral length scale (L uu ) within factors of two to three to ensure that full and model scales are correctly matched. It was also noted that the geometry of the upstream roughness significantly affects the structure of the oncoming boundary layer, where 3D roughness is found to generate 3D turbulent structures that resemble those in a more realistic boundary layer found in an urban environment. Suggestions by Savory et al. (2013) have been employed in the present work. The effects of roughness and canyon geometry on the mean turbulent statistics and structures in the spanwise direction are essential to understanding local instantaneous pollutant transfer between street canyons and the overlying atmospheric boundary layer (ABL). Our main objective is to investigate the streamwise and spanwise statistical flow structure in a horizontal plane located near roof level, where this exchange takes place.
The upstream roughness significantly affects one-point statistics within and above the street canyon. Blackman et al. (2015) found a significant effect of λ p on the mean streamwise velocity component, shear stress, turbulence intensity and integral length scales, based on vertical profiles. It was found that the mean streamwise velocity component immediately above the canyon, for configurations of the same λ p , is higher for the 3D upstream roughness than the 2D upstream roughness and that the spatially-averaged shear stress is lower in 3D than in 2D configurations. Blackman et al. (2015) also found that the integral length scale was larger for the 2D case than for the 3D case when λ p was the same and that decreased ventilation was found to occur in the skimming-flow regime. Cheng et al. (2007) showed that the shear stress is dependent on λ p for aligned upstream roughness cases and not significantly dependent on λ p above the height of the roughness elements. However, Kanda et al. (2004) found that the turbulent statistics were affected by λ p inside and near the roughness elements and by the shear layer. Salizzoni et al. (2011) found that the characteristics of the oncoming boundary layer influence the turbulent-flow statistics in the street canyon, with the shear stress being dependent on λ p . The effect of the roughness on the shear stress was observed within the street canyon and persisted up to a height of 5h. The above authors concluded that turbulent transfer was due to the coupling of the overlying boundary layer and the shear layer and that the structure of the external flow influences that of the canyon flow. They also noted that, above the roughness, the turbulent structures and turbulence intensity found in the wake-interference regime were larger than in the skimming-flow regime. Marciotto and Fisch (2013) found that canyons with a higher AR value had higher values of shear stress, which was previously noted by Salizzoni et al. (2011) .
The canyon geometry and the upstream roughness influence the turbulent structures in the flow that, in turn, relate to pollutant transport. Nosek et al. (2017) found that pollutant transport strongly depends on the roof arrangement, where the higher the upstream wall of the street canyon the greater is the pollutant removed through the canyon. Finally, Nosek et al. (2017) also found that lateral coherent structures correlate with the lateral ventilation process. Blackman et al. (2015) found that the thickness of the shear layer is affected by the canyon AR value and the upstream roughness. Perret and Savory (2013) showed that unsteady fluid exchanges between the canyon and the outer flow are governed by the shear layer and, using proper orthogonal decomposition, showed a non-linear interaction between the large-scale structures in the ABL and the street canyon. Blackman et al. (2018) found that there is an influence of upstream roughness geometry and λ p on the non-linear interactions between large-scale momentum regions and the small-scale turbulence generated by the roughness elements, with the non-linear relationship for the wake-interference flow regime being significantly different from the skimming-flow regime.
Turbulence is a 3D phenomenon and, thus, to understand turbulent street-canyon flows properly one must investigate how the flow behaves in both the spanwise (y) and the vertical (z) directions. Watanabe (2004) , Raupach et al. (1996) and Shaw et al. (1995) conducted wind-tunnel experiments over vegetation canopies. Shaw et al. (1995) conducted a study of airflow over waving wheat, consisting of a wind-tunnel simulation of the ABL, with the wheat canopy model being constructed of flexible nylon stalks, computing the two-point space-time correlations of the streamwise (x) and vertical (z) velocity components. They concluded that it was not appropriate to apply the Taylor hypothesis of frozen turbulence in the region of the canopy and, therefore, the integral length scales were computed directly from the two-point statistics. It was also found that the lateral integral length scales were smaller than those computed in the streamwise direction by factors ranging from 1.9 to 4.2. Raupach et al. (1996) stated that the application of the Taylor hypothesis is fraught with difficulty at the high turbulence intensities (u /Ū > 1, where u U −Ū is the fluctuating velocity component) present within the canopy; they conducted two-point correlations of various model and field canopies in the x-z and y-z planes. In the x-z plane the streamwise fluctuating velocity correlation (R uu , where the subscript denotes the component of the fluctuating velocity upon which the correlation was computed) produced nearly elliptical stretched correlation contours, with a tilt angle of approximately 18°, an effect that was reported to diminish within the canopy. Shaw et al. (1995) suggested that this more rapid reduction of the correlation within the canopy is due to the creation of small-scale motions and the breakdown of large-scale flow by the canopy elements. In contrast, the correlation of the vertical fluctuating velocity (R ww ) revealed nearly circular correlation contours and was found to decay much more rapidly with spatial separation. The correlations in the y-z plane produced contours that were nearly circular for both the streamwise and the vertical fluctuating velocities. Raupach et al. (1996) concluded that, in a time-averaged sense, fluid motions near the top of the canopy are well correlated over length scales of the order of the height of the canopy, h. Shaw et al. (1995) also suggested that zones in which the sign of the correlation reverses are a direct consequence of the formation of dominant flow structures. In a field experiment, Inagaki et al. (2009) conducted multi-point measurements (3D velocity and temperature) in a cubical array using multiple sonic anemometers aligned at equal heights in the streamwise and spanwise directions. Using two-point correlations, they found that the correlation of the fluctuating streamwise velocity component (R uu ) was higher along the streamwise direction than for an equal magnitude of spanwise separation. The result was attributed to the existence of coherent structures elongated along the streamwise direction postulating that the coherent structure of the streamwise fluctuations (u ) is geometrically similar irrespective of the type of roughness. Takimoto et al. (2013) used particle image velocimetry to quantify the turbulent flow fields in horizontal cross-sections of a smooth wall and above the roughness elements of a variety of rough walls. The size of the turbulent structures was quantified using a two-point correlation method, where the length and the shape of the large-scale structures were found to be highly correlated with the velocity gradient for each measurement height, with the smallscale structures demonstrating a weak dependence on the velocity gradient. From snapshots of instantaneous flow fields, they found differences in small-scale structures from case-tocase and the structures of organized motions were reported to resemble each other, agreeing with the two-point correlations. Takimoto et al. (2013) show that it is useful to understand how the flow behaves in the spanwise direction as large-scale turbulent organized structures were found to be related to the vertical velocity gradient and boundary-layer thickness, while smallscale structures had a weak dependency on the vertical velocity gradient and the boundarylayer thickness. Takimoto et al. (2011) suggested that flushing motions (characterized by a large-scale upward motion) are correlated with large-scale low-momentum regions passing over the canopy and obtaining spanwise information about the flow would provide insight on the spanwise structure of these flushing events. Michioka et al. (2014) conducted large-eddy simulations (LES) of multiple 3D urban array configurations. They found, when studying 3D arrays for configurations with a smaller lateral aspect ratio (defined to be the building length to height ratio), the contribution of the turbulent mass flux to the net mass flux at roof level was closer to unity than for larger lateral aspect ratio configurations, indicating that pollutant removal near canyon roof level is mainly driven by turbulent motions. Increasing the lateral aspect ratio caused the relative contribution of the turbulent mass flux to the net mass flux to decrease. However, for a street canyon with an infinite lateral aspect ratio (i.e. a 2D street canyon) the relative contribution reached unity due to the lowered lateral flow convergence. Volino et al. (2009) analyzed the structure of turbulence in a boundary layer over a 2D roughness array (which consisted of evenly spaced rectangular bars), and they were able make definitive conclusions regarding correlations and integral length scales; they found that the streamwise extent of the vertical fluctuating velocity correlation (R ww ) is considerably less than that of the fluctuating streamwise velocity correlation (R uu ). This was explained by the fact that R uu is related to the convection velocity of hairpin packets in the boundary layer. The streamwise to spanwise ratio of the integral length scales for the vertical velocity component (L ww,x /L ww,y using the conventions in this work where L ww,x is the streamwise integral length scale of the vertical turbulent velocity) was found to be 0.8 for smooth and 3D rough walls. It was found that in the outer layer the streamwise and wall-normal length scales are essentially equal for smooth and 3D rough-wall flows and an average of 35% and 40% larger for 2D rough walls for L ww,x and L ww,y , respectively.
Understanding the 3D urban flow dynamics should assist in developing a model for predicting pollutant transport and air quality in the urban environment. Experimental results can be used to validate unsteady numerical simulations, for example their ability to correctly reproduce the statistical features of the instantaneous coherent structures responsible for the transport of a large fraction of momentum.
The spanwise structure of the flow is important for understanding the mechanisms critical to transfer between the lower atmosphere and the street-canyon flow. As mentioned above, there is an abundance of information about how the flow behaves in the vertical direction in street-canyon flows, but what is lacking is information in the spanwise direction. To the best of our knowledge there has not been a systematic study of the flow in a horizontal plane at canyon rooftop level. The effect of the upstream roughness and canyon geometry on the mean turbulent statistics near roof level in the horizontal plane is investigated. In the present study, the questions to be addressed include:
(a) What is the impact of 2D versus 3D arrays, and λ p , on the time-averaged mean turbulent statistics in a horizontal plane near roof level of a street canyon? (b) What is the impact of 2D versus 3D arrays, and λ p , on two-point correlations and integral length scales in the streamwise and spanwise directions in a horizontal plane near roof level of a street canyon? (c) What are the implications on the time-averaged mean structure of the flow at this location of the street canyon?
The main objective is to establish how the oncoming boundary-layer flow interacts with the street canyon over a range of configurations. The flow is investigated in the spanwise direction to complement Blackman et al. (2015) , who characterized the vertical plane. The correlations and scales of turbulence is also investigated to further understand the dynamics of the flow and structure of turbulence in the spanwise direction. Section 2 outlines the experimental setup, while Sect. 3 presents the results and discussion, which demonstrate the effects of canyon AR values and upstream roughness on the mean turbulent statistics, two-point correlations and integral length scales. Finally, conclusions are given in Sect. 4.
Experimental Details
The experiments were conducted in the low-speed, suck-down boundary-layer wind tunnel in the Laboratoire de recherche en Hydrodynamique, Énergétique et Environnement Atmosphérique at École Centrale de Nantes, France. The dimensions of the wind-tunnel working section are 2 m (width) × 2 m (height) × 24 m (length) and the wind tunnel has a 5:1 ratio inlet contraction. The boundary-layer development was initiated by five 800-mm high vertical tapered spires located immediately downstream of the contraction and a 200-mm high solid fence across the working section was positioned 750 mm downstream of the spires. After the spires a 13-m fetch of staggered cubes was employed, followed by either staggered cubes, 1h or 3h spaced bars. The street-canyon-flow measurements were taken 5.5 m downstream of this initial development region. The change of roughness from staggered cubes to 1h or 3h bars was found to be negligible and the development of the internal boundary layer was found to reach equilibrium by the measurement region (Blackman et al. 2015) . Two canyon aspect ratios were used for three upstream roughness conditions. The street canyon was constructed using two square cross-section rectangular bars with a height of 50 mm (h) and a lateral length of 1500 mm (L/h = 30). Savory et al. (2013) demonstrated that the centreline mean flow profiles were independent of the canyon length when L/h > 9. In total, six flow conditions were used: two canyons with three upstream roughness configurations. Street canyons with AR 1 and 3 are denoted as C1h and C3h, respectively. The upstream roughness conditions consisted of a staggered cubical array (λ p = 25%, denoted as RCu) or 2D square cross-section rectangular bars with a spacing of 1h or 3h (λ p = 25% and λ p = 50%, denoted as R1h and R3h, respectively). For example, a configuration consisting of a street canyon with AR 1 and a 3D staggered cube upstream roughness is denoted as C1hRCu. The height of the cubes and 2D bars was also 50-mm. It should be noted that the experimental conditions are the same as in Blackman et al. (2015 Blackman et al. ( , 2018 ; a schematic of the experimental set-up can be found in Fig. 1 . Stereoscopic PIV measurements were conducted in the horizontal plane located at a height of 0.9h ± 0.05h and aligned with the freestream flow. This height was verified by comparing turbulent statistics to those from Blackman et al. (2015) that consisted of measurements in the vertical plane (see Sect. 3.1). The PIV set-up was located beneath the wind-tunnel floor and images were taken through a glass floor. The final spatial resolution of the vector fields was 1.6 mm (0.032h) in both x and y directions, and a temporal sampling frequency of 7 Hz was used; the fields of view were 1h × 6h and 3h × 6h for the 1h and 3h canyons, respectively. A Litron double cavity 2 × 200 mJ Nd-Yag laser was used to illuminate the measurement region, and the flow was seeded with glycol/water droplets (average diameter of 1 µm) via a fog generator. DANTEC Dynamic Studio software was used to synchronize the camera and the laser, as well as for the calculation of the PIV vector fields. A fast Fourier transform two-component PIV algorithm with sub-pixel refinement was used in the vector field computations. An iterative cross-correlation analysis was performed that consisted of an initial window size of 64 × 64 pixels, a final interrogation window of 32 × 32 pixels and an overlap of 50% of the analysis window. A pulse interval of 500 µs was used in the computation of the velocity vector fields. The uncertainties in the measurement were approximated by the maximum standard deviation of the PIV statistics due to statistical error. They were estimated by assuming Gaussian velocity distributions and were normalized by the corresponding local statistic, and found to be 0.9%, 1.4% and 3.9% for the mean velocity, standard deviation and turbulent shear stress, respectively. The statistical error was computed using 2551 independent samples (out of 10000 velocity vector field samples recorded), where the independent samples are the number of samples that are separated by a of period two times the integral time scale. A pitot-static tube located at x 15 m, y 0, z 1.5 m was used to measure the dynamic pressure from which the flow speed was set at U e 5.9 m s −1 , and this flow speed was used for all the experiments giving a Reynolds number of 1.9 × 10 4 , based on this flow speed, and canyon height, h (Blackman et al. 2015) . A summary of the configurations can be found in Table 1 , while the oncoming boundary-layer conditions are presented in Table 2 .
The instantaneous velocity components in the x, y and z directions are the streamwise (U), spanwise (V ) and vertical (W ) components, respectively. Time averaging is denoted by an overbar, the time-averaged mean flow speed,Ū , is defined asŪ U (t) − u (t) based on the Reynolds decomposition, U (t) denotes the instantaneous velocity and u (t) the velocity fluctuation from the mean. The standard deviation is defined as σ u (U (t) −Ū ) 2 and the turbulent kinetic energy is defined as e 0.5 σ 2 u + σ 2 v + σ 2 w . Finally, the Reynolds shear stress is defined as u w
Results and Discussion

Comparison with Previous Datasets
The mean turbulent statistics are compared to those of Blackman et al. (2015) , which were taken in a vertical (x-z) plane on the centreline (y = 0) of the canyon. The purpose of this analysis is to determine the precise height of the laser light sheet and to assess the extent of the agreement between the two experiments. It is important to know the precise vertical position of the measurement region as Blackman et al. (2015) found that the mean turbulent statistics change significantly with height near canyon roof level. The time and spanwise spatially averaged profiles of the statistics are presented in Figs. 2 and 3 for the C1hR3h and Table 2 Oncoming boundary-layer characteristics: u * denotes friction velocity, d denotes the displacement height and z 0 denotes the roughness length (Blackman et al. 2015) Roughness C3hR3h configurations, respectively; the bars represent the spanwise standard deviation of the given statistic. Results from Blackman et al. (2015) at vertical positions ranging from 0.83h to 0.93h are compared with these data, and based on this comparison it is estimated that the horizontal measurement plane is located at approximately z/h 0.9, with an uncertainty of approximately ± 0.05h. A possible source of error that should be considered is that the vertical velocity component is computed from reconstructed stereoscopic particle image velocimetry (SPIV) images, whereas in Blackman et al. (2015) the reconstructed component was the spanwise velocity component.
Mean Turbulent Statistics
In the following section the effects of the roughness on the mean turbulent statistics are presented. Plots of the mean streamwise velocity component, mean vertical velocity component and Reynolds shear stress for all configurations are presented in Fig. 4 , where profiles are temporally-and spatially-averaged across the width of the canyon where the bars represent the spanwise standard deviation. It can be observed that the mean streamwise velocity component is highest for the skimming-flow regime (R1h), larger than both the wake-interference (R3h) and 3D (Rcu) cases. Although, Blackman et al. (2015) found the same trend of the skimming-flow regimes yielding the highest values of the streamwise velocity component, in the present work for the same λ p the 3D configurations yield smaller streamwise velocities than the 2D configurations. This inconsistency with Blackman et al. (2015) exits because the present velocity profiles are plotted along x and are at a fixed height (z), whereas their velocity profiles are plotted in the centre of the canyon (x = 0) and along z. Kanda et al. (2004) and Salizzoni et al. (2011) found that the magnitude of the mean streamwise velocity component depends on λ p for the 2D cases and this is confirmed in the present results for both streamwise and vertical velocity components. The vertical velocity components were found to be lower for the C1h than the C3h configurations, equalling zero at the streamwise position of x 0 for the C1h configurations. The value of the shear stress was found to be higher for the wake-interference configurations (R3h) and λ p was found to affect the magnitude of the shear stress for 2D configurations for both canyon configurations. The 3D configurations (Rcu) were found to have higher shear stress values than the skimming-flow cases (R1h), which were found to have the lowest values of shear stress. The trend of higher AR values having a larger shear stress was noted by Blackman et al. (2015) , Michioka and Sato (2012) , and Salizzoni et al. (2011) . However, the present results contradict Marciotto and Fisch (2013) , who found that λ p did not influence the shear stress. This inconsistency can be explained by the upstream fetch used in their experiment not being long enough to allow for a sufficiently turbulent boundary layer to develop. The turbulent kinetic energy, temporally-and spatially-averaged across the width of the canyon, is presented in Fig. 5 . It is found that the wake-interference flow regimes (R3h) have the largest energy levels, with the 3D (Rcu) and skimming-flow (R1h) cases following in descending order. Blackman et al. (2015) found that in the shear layer (located at z/h 1) the highest contribution to the TKE was by the streamwise component, with its contribution to the total TKE decreasing with height. This is also found in the present results (not shown here). The λ p has a significant effect on the e profiles at near-roof level of the street canyon. For 2D flows (R1h and R3h configurations) it can be concluded that the lower the λ p , the lower the TKE (e). The 2D flow configurations were found to have higher values of e than 3D flow configurations for the same λ p . A similar trend was found in the shear-stress profiles. 
Two-Point Statistics
Two-point space and time fluctuating velocity correlations offer important information regarding the structure of the flow field that single point measurements are unable to provide. A two-point spatial correlation was conducted using the middle of the street canyon (x ref 0, y ref 0) as the reference point. The two-point correlation coefficient was computed using, . It can be observed that the correlation is symmetrical for all quantities in the spanwise direction, confirming the spanwise homogeneity of the present flow configurations. Symmetry in the y-z plane for R vv and R ww was observed by Shaw et al. (1995) and Raupach et al. (1996) , and in addition, Raupach et al. (1996) noted that the correlation contours were roughly circular with a radius of 0.8h. Within Figs. 6 and 7, the effect of roughness on the flow can be seen qualitatively, with the effect of roughness being more prominent in the C1h than C3h configurations. The structure of the correlation is more elongated in the streamwise direction and is narrower for the C3h configuration. Takimoto et al. (2013) , Watanabe (2004) and Shaw et al. (1995) also found elongated correlation structures in the streamwise direction. The opposite is true for the C1h configuration, with the structure of the correlation elongated in the spanwise direction. Shaw et al. (1995) attribute this to the presence of longitudinally elongated structures in the boundary layer and, from the present results it can be observed that these structures are only found in the C3h configurations. It can be concluded that the AR value significantly influences the shape of the correlation, in the C1h configurations there appears to be a "squashing" effect imposed on the correlation by the canyon geometry, whereas in the C3h configurations this is not present. For the C1h canyons the largest circular radius of the correlation (region of the correlation field which is circular) is 0.3h for the C1hR3h configuration, whilst for the C3h canyons the largest radius is also found to be approximately 0.3h for the C3hR3h configuration. This suggests that the size of the circular radius of the correlations is independent of the canyon geometry and only depends on the roughness (other configurations have smaller circular correlation radii, all within 0.1h -0.2h for both R1h and Rcu). The circular correlation radii found here are smaller than those found by Raupach et al. (1996) , this difference can be attributed to the different flow regimes used (flow over a model wheat field vs. flow over staggered cubes and 2D bars used here) and the measurement region being higher (z = h vs. the present value of 0.9h). The circular radii in the correlations suggest that their size depends on the upstream roughness configuration. Referring to the correlation contours (Figs. 6, 7 ) the regions corresponding to high correlation levels (0.8-0.9) are almost circular, indicating that small-scale structures are isotropic. At the lower levels of the correlations, the contours are deformed by the presence of the canyon walls that limits the streamwise extent of the flow, while larger length scales are found in the spanwise direction, with a dependence on the flow configuration. (2016) investigated flow over a street canyon with AR 0.7 (skimming-flow regime, W /h < 1.5) and found that the spanwise component is especially affected by largescale fluctuations of low-temporal frequency. They found large-scale organization of the flow with coherent motions often spanning the entire cross-section of the street canyon. The correlations were found to have a strong spanwise structure, especially in the streamwise component for the C1h canyons, suggesting large-scale spanwise flow organization. The canyon studied in Perret et al. (2016) and the C1h canyons in the present work were found to have greater correlations than the C3h canyons. It appears that the canyons with a smaller AR value (particularly those which are classified to be in the skimming-flow regime) have large-scale organization in the spanwise direction, based on their correlation magnitudes. The spanwise structure of flushing events proposed by Takimoto et al. (2011) may also be affected by the upstream roughness. Referring to Fig. 10 , the R uu , R vv , and R ww correlation lengths are larger for the R3h upstream roughness configuration, suggesting that a wake-interference flow regime could be linked to larger spanwise flushing events in the street canyon. Raupach et al. (1996) arbitrarily defined a "significant correlation" to be R uu > 0.2 at a height of h. Using that definition and referring to Figs. 8, 9 and 10 it is found for the C1hR1h and C1hR3h configurations that there is a significant R uu correlation for the entire spanwise width of the canyon (− 3h to 3h). The C1hRcu configuration shows a significant spanwise R uu (denoted as R uu,y from here on) correlation that is approximately 50% smaller than in the C1hR1h and C1R3h configurations. The λ p value does not seem to influence the spanwise correlations, with the effects that the roughness has on the magnitude of the R uu correlations being smaller in C3h than in the C1h configurations. The magnitude of R uu,y for the 3D roughness cases (Rcu configurations) remains approximately the same (relative to the 2D roughness cases, R1h and R3h configurations) when the AR value is increased. It can be concluded that the spanwise correlations decay much more rapidly for flows with 2D upstream roughness arrays when the AR value is increased. The smallest value of R uu,y for the C1h configurations is the largest for the C3h configurations. An opposite trend is observed for correlations in the streamwise direction, with the C3h configurations having a significant correlation (greater than 0.2) for most of the canyon width (3h) and the C1h configurations having significant correlation lengths of approximately 0.5h. The correlation could decay more rapidly for the C1h configurations than for the C3h configurations because of a larger circulation region expected in a canyon with a larger AR value, in addition, it is also quite possible that the shear layer has an impact on the correlation decay. Blackman et al. (2015) computed the shear-layer boundaries from vertical PIV data for the same configurations used here. The shear-layer boundary was computed using the TKE production gradients in the shear layer to define a boundary with a threshold value (Blackman et al. 2015) . They found that the C3h configurations had thicker shear layers than do the C1h configurations. A thicker and larger shear layer oscillates at a lower frequency, resulting in the flow in the canyon also having a lower frequency, which would be associated with a stronger correlation at near roof level of the C3h configurations. In contrast, Blackman et al. (2015) found that the C1h configurations had a smaller shear layer, with the faster moving and thinner shear layer causing the correlation at near roof level to decay more rapidly. The present study shows that the correlation of the fluctuating streamwise velocity component (R uu,x ) at near roof level is symmetrical for the C1h configurations but asymmetrical for the C3h configurations (see Figs. 8, 9 ). This, again, can be explained by the shear-layer boundaries computed by Blackman et al. (2015) , who found the shear-layer boundaries to be less symmetrical (the symmetry of the shear layer can be defined by how constant the thickness is with respect to the streamwise position) in the streamwise direction for C3h than for C1h configurations. For the C3h configurations the shear-layer boundary was thicker at the downstream wall than near the upstream wall (approximately four times larger), this difference being significantly smaller for the C1h configurations (approximately two times larger). Hence, there appears to be a relationship between the streamwise correlation symmetry at roof level and the geometry of the shear layer. Finally, it was stated above that the effect of the roughness is much more profound on the near-roof-level spanwise correlations for C1h than for the C3h configurations. This trend is, again, present in the shear-layer boundaries computed by Blackman et al. (2015) , with the C1h configurations varying more with roughness. The correlation decay in the streamwise direction is found to be related to the shear-layer boundaries, in that those configurations with the thickest shear layer have the strongest correlations at roof level.
The two-point correlations of the spanwise and vertical fluctuating velocities (R vv,y and R ww,y , respectively) are presented in Figs. 8 and 9 (refer to Fig. 10 for a complete summary of the significant correlations for all of the configurations). The criterion proposed by Raupach et al. (1996) for determining the region of significant correlation is also used for R vv and R ww . The R vv,y has a significant correlation length of approximately 1h for the C1hRcu and C1hR1h configurations, with the C1hRcu configuration remaining more correlated beyond the 0.2 threshold. The same pattern is observed in the C3h configurations, with the skimmingflow case having a smaller R vv,y than in the 3D case. The wake-interference flow regimes (R3h) have a much greater R vv,y , for both canyon configurations. The results from the R ww,y correlations suggest that roughness configurations of R3h have the largest scales of vertical motion, with the C3h configurations being significantly larger than the C1h configurations. Kang et al. (2008) conducted two-point correlations in the streamwise direction of the turbulent vertical velocity component in simple aerodynamic cavities (AR 1 and 2), which included no upstream roughness. The correlations went to zero much more rapidly than in the present case (approximately after 0.5h) and the greater values of R ww,x in the current results may be due to the larger scale structures and higher levels of turbulence generated by the upstream roughness. Ashcroft and Zhang (2005) reported that the alternating pattern of positive to negative correlation for the turbulent vertical velocity component represents an ordered collection of coherent structures. Little et al. (2007) also suggested that the alternating pattern represents the formation of large-scale vortical structures, the negative values of R ww,x may be an indication of organized vortex shedding consistent with the organization within a mixing layer. In the C1h configurations, negative values of R ww,x are only observed for the R1h configurations (skimming flow), which may be related to the stronger flapping of the shear layer in the Rcu and R3h configurations. However, in both cases (street canyons and aerodynamic cavities) the R ww,x correlation goes below zero, which could be due to organized vortex shedding being present in both types of cavity flows. In their study of the flow over an aerodynamic cavity, Kang et al. (2008) and Kang and Sung (2009) have, indeed, shown that large-scale swirling structures developing in the shear layer at roof level leave their footprint in the two-point correlation of the vertical velocity component along the longitudinal direction in the form of negative values. Due to the size of the structures and the flapping motion animating the shear layer, no more than one oscillation is usually visible in the correlation. This is especially true in the case of street-canyon flows in which the high level of turbulence in the oncoming flow strongly increases the intermittent character of these swirling structures shed from the upstream obstacle . It must be noted that this strong intermittency has, so far, prevented the detection of any well-marked frequency in the flow that could be associated with the typical vortex shedding phenomenon downstream of a bluff-body.
The R vv,x correlation is greater for C1h than for the C3h configurations and the common trend observed is that the wake-interference roughness confugrations (R3h) produce the strongest correlations (the Reynolds-shear-stress profiles in Figs. 3 and 4 , also have the highest magnitudes for the R3h configurations). It can be concluded that the Reynolds shear stress is dependent on the strength of the streamwise and spanwise correlations for all three normal turbulent velocity components. Volino et al. (2009) suggested that the reason why the fluctuating vertical velocity component correlations are less than the fluctuating streamwise velocity component correlations is due to the streamwise correlation being related to the convection velocity of hairpin packets in the boundary layer, a trend observed here at roof level of the canyon.
Integral Length Scale (L uu )
The turbulence integral length scale can be defined as the size of the average energy-containing eddy. The turbulence integral length scales were calculated using Eq. 2 for the spanwise direction velocity fluctuations and Eq. 3 for the streamwise direction velocity fluctuations. The reference points used to compute R uu used in Eqs. 2 and 3 were x ref = −0.5h, y ref 0 for 
The integral length scales for the streamwise fluctuating velocity (u ), the spanwise fluctuating velocity (v ) and the vertical fluctuating velocity (w ) in the x and y directions are presented in Fig. 11 . It may be seen that upstream roughness and the AR value have a significant effect on the spanwise integral length scale. L uu,y for the C1hRcu configuration is almost 50% smaller than for the C1hR1h and C1hR3h configurations, suggesting that whether the flow is 2D or 3D, rather than λ p , influences the magnitude of L uu,y . Blackman et al. (2015) found that the streamwise integral length scale was larger for the 2D case than the 3D case for the same λ p . Volino et al. (2009) also observed that integral length scales were significantly smaller for the 3D cases than for the 2D cases. The results of Takimoto et al. (2013) contradict this as they showed larger L uu in the 3D configuration. However, as suggested by Blackman et al. (2015) this could be due to the simulation method employed, as no spires were used in the experiment, resulting in a thinner boundary layer. Blackman et al. (2015) found that, at roof level (z/h = 1), L uu,x for the Rcu configuration was approximately 4h, while it is lower herein because the measurements were taken at z/h = 0.9. The present results show that that L uu,y is smaller for 3D than 2D flows, which was also found in previous work (Volino et al. 2009; Blackman et al. 2015) for the streamwise direction. The integral length scales for vertical velocity fluctuations (L ww ) were found to be approximately three to four times smaller than L uu . The ratios between each of the spanwise and streamwise integral length scales are presented in Fig. 12 , which show that the ratios of the streamwise scales are significantly larger for the C1h than for the C3h configurations. The ratio was found to be up to four times larger for the R1 h case. This is due to significantly larger values of L uu,y and, from the present Fig. 12 The effect of roughness on the ratio of the spanwise to streamwise integral length scales.
results, it appears to dominate the value of the integral length scale in the C1h configurations. The ratio of the vertical integral length scales was found to be larger in the C3h configurations, which could be due to larger turbulent structures present at near roof level for the C3h than for the C1h configurations.
Conclusions
Horizontal measurements have been conducted at near roof level in a street canyon using stereoscopic particle image velocimetry in a wind tunnel, for six configurations consisting of three upstream roughness arrays and two values of canyon aspect ratio.
(a) The roughness plan-area density (λ p ) was found to have a significant effect on the mean statistics, correlations and integral length scales near roof level. The present results agree with Blackman et al. (2015) , where measurements were conducted in a vertical plane over the same configurations as here. It was found that the mean streamwise velocity component was highest for the skimming-flow regime case (R1h), being larger than both the wake-interference (R3h) and 3D (Rcu) cases. However, for the same λ p , the 3D configurations yielded a smaller value of the streamwise velocity component than for the 2D configurations. The mean vertical velocity component was found to be lower for the C1h configurations than the C3h configurations, suggesting a lower level of vertical ventilation for canyons with a smaller value of AR at roof level. The trend for a canyon with a higher AR value having a larger shear stress was found, as noted previously by Salizzoni et al. (2011), Michioka and Sato (2012) and Blackman et al. (2015) . (b) It was observed that the two-point correlations were symmetrical for all quantities in the spanwise direction. Greater correlations were found in the 2D roughness arrays than in the 3D arrays and the planform packing density (λ p ) was found to have no effect on the spanwise correlations. The correlation decay in the streamwise direction was related to the shear-layer boundaries such that the configurations with the thickest shear layer had the greatest correlation. (c) The integral length scales (L uu ) were found to be smaller for 3D than for 2D flows in the spanwise direction, while the integral length scales for the vertical velocity fluctuations (L ww ) were found to be approximately three to four times smaller than L uu . The ratio of the vertical integral length scales was found to be larger for the C3h configurations, which may be due to larger turbulent structures being present at near roof level for the C3h configurations than in the C1h configurations. Negative values of R ww,x may indicate organized vortex shedding; in the C1h configurations, negative values of R ww,x are only observed for the R1h upstream configuration, this could be related to the stronger flapping of the shear layer than in the R3h or Rcu configurations. The circular radius of the two-point correlations suggests that the small-scale structures in the flow are close to isotropic and that their size depends on the upstream roughness configuration. Greater spanwise correlations present in the R3h configurations suggest that the wake-interference flow regime could be linked to larger spanwise flushing events in the street canyon. Elongated correlation structures in the streamwise direction for C3h configurations were found, while the structure of the correlation was elongated in the spanwise direction for the C1h configurations. Large-scale spanwise organization of the flow suggested by Perret et al. (2016) was also confirmed here by the magnitude of the correlations in the spanwise direction, notably for the C1h configurations.
The present results provide useful information on the behaviour of flow within a street canyon, used here as a simpler model to investigate the characteristics of the flow existing in one or several neighbouring streets within an urban area by removing the complexity induced by the presence of intersections. It can be concluded that there is a spanwise variation in the turbulence at roof level, that is, dependent on the characteristics of the upstream flow and canyon geometry. Understanding the flow in the spanwise direction allows us to gain insight into the statistical spatial structure of the mechanism driving vertical momentum transport between the street canyon and the overlying boundary layer. Even if not definitive, because based on only six flow configurations, the present results clearly show the impact of both the canyon and upstream roughness configuration on the structure of the flow at roof level, the former being not the sole factor influencing the characteristics of the momentum exchange in this region.
